The selectins are a family of proteins that mediate leukocyte tethering and rolling along the vascular endothelium. E-, P-, and L-selectin recognize various derivatives of the Lewis" and Lewis 1 trisaccharides. The distribution of negative charges on the Lewis* and Lewis* oligosaccharides appears to be an important factor in their binding by the selectins. Previous work exploring this electrostatic dependence found that a series of synthetic anionic trisaccharides, 3'-sulfo, 3'-phospho, 6'-sulfo, and 3',6'-disulfo Lewis 8 -(Glc), exhibited differing selectin inhibitory efficacies. To explore the possibility that these differences arise from conformational differences between the sugars, the solution structures of these trisaccharides were determined using NMR and molecular dynamics simulations. Interproton distances and interglycosidic torsion angles were determined at 37°C using NOESY buildup curves and ID LRJ experiments, respectively. Data from both experiments agreed well with predictions made from 2000 picosecond unrestrained molecular dynamics simulations. We found that 3'-sulfation did not alter the core Lewis* conformation, a finding that reaffirms the results of previous study. In addition, we found that sulfation at the 6' position also leaves the trisaccharide conformation unperturbed. This is significant because the proximity of the 6'-sulfate group to the fucose ring might have altered the canonical Lewis* structure. The disulfate exhibited greater flexibility than the other derivatives in dynamics simulations, but not so much as to affect NOE and heteronuclear coupling constant measurements. Taken together, our findings support the use of Lewis* as a template onto which charged groups may be added without significantly altering the trisaccharide's structure.
Introduction
Selectin-mediated adhesion of leukocytes to vascular endothelium is a critical element of the inflammatory immune response (Harlan and Liu, 1992) . The carbohydrate ligands of the selectins have attracted a great deal of attention due to their importance to human physiology and their potential as leads for anti-inflammatory therapeutic agents (Harlan and Liu, 1992; Bevilacqua et al, 1994; Rosen and Bertozzi, 1994; Varki, 1994; Kubes et al., 1995; Lasky, 1995; McEver et al, 1995) . A number of selectin ligands and molecules that inhibit selectin-mediated adhesion have been identified (Nelson et al, 1993; Varki, 1994; Kogan et al, 1995; Manning et al, 1995 Manning et al, , 1996 Sanders et al, 1996; Wu et al, 1996) , but the molecular basis of the selectin specificity has yet to be fully elucidated. Detailed knowledge about the carbohydrate ligands and their binding properties will be essential for a complete understanding of the biology of leukocyte adhesion and for the development of new approaches to drug design.
To clarify issues of selectin specificity and elucidate leads to high affinity selectin ligands, our laboratory is investigating the electrostatic character of selectin binding by synthesizing analogs of naturally occurring selectin ligands and correlating their charge distribution with inhibitory efficacy (Manning et al, 1995 (Manning et al, , 1996 Sanders et al, 1996) . 3'-Sulfated Lewis a (Le a ) and 6'-sulfated sialyl Lewis x (sLe x ) have both been identified as naturally occurring selectin ligands (Yuen et al, 1992 (Yuen et al, , 1994 Hemmerich et al., 1995) , inspiring our synthesis of a series of anionic Le" derivatives and the assessment of their inhibitory potencies ( Figure 1 ).
Our anionic Le° derivatives display a pattern of selectin inhibition that suggests that specifically located negative charges on the ligand are important factors in selectin discrimination, but they are not the sole determinants of affinity or specificity (Manning et al., 1995 (Manning et al., , 1996 Sanders et al, 1996) . In an ELISA, 3'-sulfo Le*(Glc) inhibits binding of P-and L-selectin to immobilized glycoprotein cell adhesion molecule-1 (GlyCAM-1), a mucin that interacts with all three selectins (Lasky et al, 1992; Mebius and Watson, 1993; Hemmerich et al., 1995; Diacovo et al, 1996) , with IC J0 values similar to those found for 3'-sulfo Le* and sLe x (Manning et al, 1995) . In contrast, 3'-sulfo Le a (Glc) is 20-fold more active against E-selectin than is 3'-sulfo Le\ Placement of a phosphate group at the 3' position on an Le a template leads to a slight increase in affinity for E-and L-selectin relative to 3'-sulfo Le a (Glc) (Manning et al., 1996) . The dianionic saccharide 6'-sulfo sLe x has been shown to be a GlyCAM-1 determinant, and it displays all the features required for binding to L-selectin: sialylation, sulfation, and fucosylation (Hemmerich and Rosen, 1994; Hemmerich et al, 1995; Maly et al., 1996) . However, compounds designed to mimic this determinant, 3',6'-disulfo Le'(Glc) and 3',6'-disulfo Le*(Glc), were no more effective than 3'-sulfo Le* at blocking L-selectin binding to GlyCAM-1 (Manning et al, 1995; Sanders et al., 1996) . Despite the observations that sulfated GlyCAM-1 binds Lselectin with high affinity and that sulfation of the 6' position of galactose is a rare modification (Hemmerich et al, 1995) , a 6'-sulfo group when presented in concert with a 3'-sulfo substituent appears to contribute little to binding affinity (Sanders et al., 1996) .
Inhibition data for selectin ligands is expected to reflect anionic group distribution and/or charge density of the saccharide determinants, yet changes in sulfation patterns might alter saccharide ligand conformation, a result that could also account for changes in inhibitory potency. To begin to dissect the features responsible for changes in activity, the solution struc- tures of four anionic Le* derivatives, 3'-sulfo Le* (Glc), 3'-phospho Le* (Glc), 6'-sulfo Le"(Glc), 3',6'-disulfo Le" (Glc), were determined by NMR and molecular modeling. Ring conformations were evaluated by measuring 'H-'H scalar coupling constants from the ID spectra. Long-range J (LRJ) experiments were performed to estimate average interglycosidic torsion angles by measuring 3 J CH values (Tvaroska et al, 1989; Adams and Lerner, 1993) . To measure 'H-'H distances, 2D NOESY experiments were conducted using several mixing times. These experimental results were compared to theoretical predictions derived from molecular dynamics simulations to Table I . 'H NMR chemical shifts at 37°C referenced to external TSP at -0.015 ppm afford insight into the conformational preferences of the trisaccharides.
Our data indicate that the Le a (Glc) derivative core conformation is unperturbed by anionic substitution at the 3' and 6' positions. Such conformational homology between species of differing charge and charge placement suggests that sterics dominate the forces governing Le* conformation. Significantly, our results suggest that differences in inhibitory potency between these compounds do not arise from differences in their conformations.
Results and discussion
Assignment and strong coupling quantification Assignment of *H and 13 C signals (Tables I-IE) was accomplished using standard ID and 2D techniques, as described in the Materials and methods section. Narrow linewidths (1.0-2.5 Hz) afforded precise determination of *H assignments and 'H-'H coupling constants from the ID spectra. The effects of sulfation on chemical shifts are evident in the downfield shifts of the galactose 3' and 6' resonances relative to their nonsulfated counterparts.
The narrow spectral range characteristic of carbohydrate protons poses great overlap difficulties (Neuhaus and Williamson, 1989; van Halbeek, 1994) and makes them prone to appreciable strong coupling effects (Holmbeck et al, 1994) . These effects not only distort lines in the spectrum but can lead to incorrect interproton distance measurements due to changes in NOE intensities. Strong coupling parameters, S, were calculated for all four derivatives (Table IV) from the following equation (Neuhaus and Williamson, 1989 ):
When the parameter S is greater than approximately 0.1, line 
13
C chemical shifts at 37°C, referenced from the 'H spectnim; quantities were measured from HMQC spectra (error = ± 0.1 ppm) Carbon 3'-S Le*(Glc) 3'-P Le'(Glc) 6'-S Le*(Glc) 3',6'-S Le'(Glc) intensities within a multiplet are noticeably affected. When S is greater than approximately 0.2, kinetic NOE measurements are influenced. Four proton pairs exhibited significant strong coupling in all compounds: Fuc2/3, Gal4/5, Gal6/6\ and Glc6/6'. Gal6/6' was so strongly coupled that no structural information could be obtained from their analysis, though this data would have been useful for describing the conformational preference of this hydroxymethyl group. Strong coupling between GlcH6 and GlcH6' was moderate, giving rise to distortion of line intensities but negligible effects on the NOE intensity.
Ring conformations
Theoretical predictions of 3 J HH for idealized chair conformations of a-L-fucose, (3-D-galactose, and |3-D-glucose were computed (Altona and Haasnoot, 1980) and are presented in Table  II (Stoddart, 1971) . The two coupling constants that diverge by more than 1.0 Hz from those predicted by theory are Fuc J2,3 and Glc J4,5, both of which Table IV . Significant strong coupling parameters, S, calculated using Equation 1 Coupling 3'-S Le\Glc) 3'-P Le*(Glc) 6'-S Le'(Glc) 3',6'-S Le'(Glc) are strongly coupled (see Table TV ). Therefore, these quantities are not likely to accurately reflect ring conformation.
Interglycosidic torsion angles
LRJ experiments (Adams and Lerner, 1993) were employed to measure three-bond carbon-hydrogen scalar couplings, 3 J CH .
n m When S is greater than approximately 0.2, distortions of NOESY peak intensities involving either member of the pair will be significant. which are related to interglycosidic torsion angles (Tvaroska et al, 1989) (Table V) . In the LRJ experiments, proton lines retain 3 JHH in-phase splittings, but are modified by antiphase splitting of 3 J CH -3 JCH I s men reckoned as the frequency difference between positive and negative peaks. (Figure 2 ) This measurement is subject to error due to cancellation of positive and negative peaks when 3 J CH is approximately equal to 3 J HH and/or when JCH is approximately equal to the peak linewidth. Such error became significant in determinations of interglycosidic 3> angles, as discussed below.
Ranges of acceptable average torsions were determined from the estimated error in measurement of 3 J CH . Because each value of J below 5.6 Hz corresponds to four possible torsion angles in this Karplus curve, the angles reported were restricted to the only set consistent with NOE data. The 3 J CH values corresponding to ^ angles were readily measured by ID LRJ experiments as the anomeric 13 C and 'H resonances were well resolved and gave rise to coupling constants of approximately 5 Hz. In this region of the Karplus curve, small changes in J yield large changes in *f? angles, a relationship that is reflected in the large range of acceptable average torsion angles that the measured couplings might represent. The <J> angles could not be determined precisely because significant crosspeaks in the 2D LRJ spectra could not be detected. It is likely that the 3 J CH values corresponding to <J> angles were small enough { 3 J CH~A v ln ) that cancellation between positive and negative peaks reduced the signal intensity dramatically. If 3 J CH approximately equaled Jjm, the center peaks would have canceled, but outer peaks would have remained. Thus, the absence of observable coupling suggests that 3 J CH was less than approximately 3 Hz, which restricts the average <t > angles to the range 44° =s $ ^ 128°. This range is consistent with theoretical predictions based on molecular dynamics simulations. NOESY 2D NOESY (Jeener et al., 1979; Macura et al, 1981; Neuhaus and Williamson, 1989; Cavanagh et al, 1996) data were acquired at 37°C to enable facile detection and reliable quantitation of crosspeak volumes (Figure 3 ). Temperature had a significant effect on the magnitude and sign of the NOE intensities, as expected for molecules in this molecular weight range. Overall NOE intensity was negligible at ambient temperature and was negative at 2°C. Experiments detecting positive NOEs at 37°C were conducted to avoid the line broadening experienced by these samples at lower temperatures. ID 1 H experiments, performed on all compounds between 2°C and 42°C, revealed that chemical shifts and 'H-'H coupling constants were not significantly temperature-dependent, suggest- ing that data acquired at the elevated temperature accurately reports on the conformation and dynamics of the trisaccharides over the temperature range studied. Although the NOE intensities at 37°C were smaller than those detected by ROESY experiments performed at the same temperature (data not shown), NOESY experiments were chosen for this study. ROESY data (Bothner-By et aL, 1984) is complicated by Hartmann-Hahn effects (TOCSY), laboratory frame dipolar relaxation (NOESY), and a dependence of the cross-relaxation rate on offset from the spin lock frequency (Bax, 1988; Schleucher et aL, 1995) . By finding conditions that afforded suitable NOE intensities, the difficulties of analyzing ROESY data were circumvented.
Although the integration of most peaks was straightforward, many valuable peaks were partially overlapped. In such cases, the resolved fraction of the peak was integrated and the total volume of the peak was extrapolated from that value using knowledge of the fractional intensity of that line in the multiplet. Distances calculated from crosspeaks measured this way are identified in Table VI . No corrections for intensity distortions arising from strong coupling were applied when using this method.
Crosspeak volumes were normalized to that of the downfield diagonal peak or, if possible, to the geometric mean of both diagonal peak volumes. For 6'-sulfo Le a (Glc) and 3'-phospho Le"(Glc), FucH5 and GalHl signals were overlapped, and the diagonal peak intensities for each were approximated as half the combined diagonal peak intensity. The signals due to FucHl and GalHl were overlapped in the 3',6'-disulfo Le a -(Glc) spectrum, and their intensities were also evaluated as half of the combined diagonal peak volume.
NOESY experiments were performed using a number of different mixing times for each compound to directly observe buildup of transferred magnetization (Cavanagh et aL, 1996) . Hydrogen T, values ranged from 0.5 to 2.0 s, so normalized NOE buildup was assumed to be linear over the range of mixing times used in these experiments (50-300 ms; Neuhaus and Williamson, 1989) . To illustrate the application of this methods, NOE buildup curves for selected interglycosidic and reference NOEs are presented in Figure 4 . The lines shown represent fitted curves, the slopes of which were taken to be the NOE cross relaxation rates representing interproton distances (Neuhaus and Williamson, 1989) .
Distance calculations
Interproton distances (Table VI) (2)
The reference NOE, CT reference , used for measuring distances between ring and hydroxymethyl protons was that of the wellresolved GlcHl-H3 crosspeak for 3'-sulfo, 3',6'-disulfo Le a -(Glc), and 3'-phospho Le a (Glc); 6'-sulfo Le a (Glc) distances were referenced to the GalHl-H3 crosspeak. Theoretical distances, r^ theojy, were calculated using the equation (Neuhaus and Williamson, 1989 ):
where r^, are the instantaneous distances between protons A and B in the molecular dynamics simulation. The !/6-root averaging method was chosen for most proton pairs instead of the !/j-root averaging suggested by Tropp et al. (Tropp, 1980) . The latter protocol applies to systems whose internal motions are fast relative to overall tumbling; but the potential "internal" motions here require relative displacements of % of the molecule, and it is unlikely that such movements will be fast The '/3-root method was used to calculate average distances from Modeled distances were derived by averaging over distances measured during molecular dynamics simulations using Equation 3. Experimentally determined distances were calculated from NOE buildup rates relative to the indicated reference interproton distances using Equation 2.
•Reference NOE distance.
•"Distances measured from integrations of resolved fractions of partially overlapped NOE crosspeaks; volumes of total crosspeaks were extrapolated from these partial quantities. "Distances calculated from crosspeaks normalized to an averaged value of two overlapped diagonal peaks. O/L, Not determined due to overlap. N.D., Not determined.
3'-sulfoLe a (Glc)NOEs the three FucH6 methyl protons (Neuahus and Williamson, 1989) ; the averaged distance between the methyl protons and FucH4 was used as the reference separation, r refmnce .
Modeling
The model data, acquired using the MacroModel program with an all-atom AMBER* force field (Senderowitz et al., 1996) , suggest that these trisaccharides generally adopt single conformations but can travel far from their minimum in conformational space without significant energetic cost. Thus, the molecules appear to reside in a single broad potential well. This result agrees well with results observed previously for 3'-sulfo Le* and related sugars (Bechtel et al, 1990; Cagas and Bush, 1990; Mukhopadhyay and Bush, 1991; Ball et al, 1992; Ichikawa et al, 1992; Lin et al, 1992; Miller et al, 1992; Kogelberg and Rutherford, 1994; Mukhopadhyay et al, 1994; Rutherford et al, 1994; Coteron et al, 1995; Kogelberg et al., 1996) .
Simulated annealing
All trisaccharides minimized readily to single conformations in the simulated annealing routines ( Figure 5 ). Annealing was especially important for the 6'-sulfo Le*(Glc) model. The initial conformation minimized by the PRCG (Polak Ribiere conjugate gradient) method (Polak and Ribiere, 1969) , which placed the hydroxymethyl oxygen gauche to the ring oxygen, changed irreversibly to the trans form after approximately 100 ps of 37°C dynamics during the annealing treatment Had the initial structure used for dynamics been obtained with only steepest-descent minimization (SD) instead of simulated annealing, the higher energy trans conformation would have been present in the subsequent dynamics simulation for 100 ps instead of 0. A hydrogen bond, which is likely an artifact, was observed in the annealed structure of 3'-sulfo Le a (Glc). In the annealed and energy-minimized structure, the glucose hydroxymethyl oxygen occupied a trans orientation relative to the ring oxygen in order to form a hydrogen bond to the fucose hydroxyl group at position 2. In contrast, NOE data indicate that the two oxygens are gauche, a preference predicted by electronic effects, and consistent with the measurements of the three other Le°-(Glc) derivatives. Interestingly, this hydrogen bond is broken and a more realistic conformation is adopted after about 200 ps of molecular dynamics simulation. It is possible that the artifact derives from the use of a united-atom AMBER* force field rather than an all-atom force field (Senderowitz and Still, 1997) .
Dynamics
All four derivatives exhibit single core conformations during the 2 nanoseconds of dynamics simulation (Figures 6 and 7) . This result agrees with previous work on sLe*, in which the trisaccharide core of the tetrasaccharide was found to be conformationally stable during 5 ns of molecular dynamics (Rutherford et ai, 1994) . Thus, multiple stable interglycosidic orientations are unlikely to contribute to the monosulfated systems.
In our computational models, the galactose-glucose linkage appears slightly more conformationally flexible than the fuco-3'-sulfo Lea(Glc) 3'-phospho Lea(Glc) 6'-sulfo Lea(Glc) 3',6'-disulfo Lea(Glc) Fig. 5 . Models of synthetic Le" derivatives after simulated annealing.
se-glucose linkage in these simulations. This result is interesting because some potential indicators of relative dynamic behavior, such as the difference between anomeric proton linewidths of fucose and galactose suggested that the fucose linkage might be more flexible (Ernst et al., 1988; Cavanagh et al., 1996) . The experiments reported here, however, are not sufficiently sensitive to measure the differences in dynamic behavior between the linkages. Our computer simulation findings contrast with those of Rutherford et al., who found the Gal-^-Glc and Fuc-^-Glc angles in sLe* to be equally mobile in restrained dynamics simulations using an earlier version of the AMBER force field (Rutherford et ai, 1994) . The source of these differences might lie in several factors that differed between the studies. The results may be attributed to the new modifications to the force field (Senderowitz et al, 1996) , the application of restraints in the previous simulation, or the differences between a sialyl and sulfo substituent on the galactose ring.
Full conformational searching
To probe the likelihood of alternative conformations more rigorously, an extensive mixed mode Monte Carlo/stochastic dynamics (MCSD) routine with an all-atom force field parameterized for carbohydrates was applied to 6'-sulfo Le'(Glc) and 3',6'-disulfo Le*(Glc), using a protocol developed by Still and coworkers (Senderowitz and Still, 1997) . Again, no alternative conformations were found and the average distances and torsion angles predicted by MCSD generally agreed to within 0.1 A and 3°, respectively, of the values derived using conventional dynamics (data not shown).
In this study, all computational modeling was performed without restraints derived from experiment This was done for several reasons. First, it was not necessary to impose restraints for the model to agree with experiment Second, acceptable ranges of torsion angles and distances used as constraints in modeling cannot be determined from the experiments performed. The data yield average distances and dihedral angles, but do not describe the amplitudes of their deviations in the molecule. For example, in our model of torsional motion, the galactose linkage is predicted to be more flexible than the fucose linkage. Their average theoretical interglycosidic dihedral angles, however, are nearly the same. This difference in amplitudes would not be detectable in the NMR experiments performed; consequently, any restraint placed on their motion in the computational model would have been arbitrary. Third, the few instances of disagreement between theory and experiment can reveal deficiencies in the theory only if the two are kept independent For example, we detected a hydrogen bond in 3'-sulfo Le'(Glc) that is probably an artifact of the modeling force field. Because the model was not restrained, unrealistic features of the force field, such as an overemphasis on hydrogen bonding, can be identified and corrected.
Implications for biological study
Our results support the use of the Le*(Glc) trisaccharide as a conformationally invariant template to probe selectin binding. The 3'-sulfo Le*(Glc) structure presented here concurs with one previously determined for 3'-sulfo Le* by Kogelberg et al. (Kogelberg and Rutherford, 1994) , suggesting that the N-acetyl substituent of Le* does not significantly influence the core trisaccharide structure. Because sulfation at the 3' and 6' positions does not affect the interglycosidic orientations found in Le'(Glc), we conclude that the solution structure of the Le* S'-sulfateFuc-^-Glc S'-sulfateGal-^-Glc torsions of the sulfated Le* derivatives during 37°C molecular dynamics simulations.
core is unperturbed by modification at these biologically relevant sites. The finding that sulfation, especially at the 6' position, does not affect the Le" core structure is significant. Previous studies have demonstrated that 3'-sulfation and sialylation do not modify the conformation of Le" trisaccharide (Kogelberg and Rutherford, 1994; Rutherford et al, 1994; Kogelberg et al, 1996) , but this is the first description of the effects of charged substitution at the 6' position. 6'-Sulfation might have modified the relative orientations of the fucose and galactose rings due to the steric interactions, sulfate-fucose hydrogen bonding, or disruption of the solvent structure (Cantor and Schimmel, 1980; Lemieux, 1996) around the galactose hydroxymethyl group. Since these factors ultimately did not affect the trisac-3'-sulfate FucHl-GlcH4 3-sulfate GalHl-GlcH3 charide structure, we conclude that steric interactions between the galactose and fucose residues dominate the forces that determine Le* conformation. NMR tuber, all were degassed under aspnation with sonication, and flushed with nitrogen.
Materials and methods

Sample preparation
Spectroscopy
All NMR spectroscopy reported was performed on a Varian VXR/Unity 500 MHz instrument equipped with a Nalorac Z-spec 3 mm triple resonance inverse detection probe; 3-phospho Le*(Glc) in the 5 mm tube was analyzed using a 5 mm triple resonance inverse detection probe from Varian. For the variable temperature experiments described below, 3 mm carbohydrate sample tubes were inserted into 5 mm NMR tubes containing a TSP (sodium 3-trimethylsilylpropionate, d 4 , 98% D, Cambridge Isotope Labs) reference solution; these samples were analyzed using the Varian 5 mm triple resonance probe. Assignment of 'H and I3 C resonances at 37°C was accomplished using a combination of DQCOSY, TOCSY, and HMQC techniques (Cavanagh et aL, 1996) . In addition, assignments were made for protons at temperatures ranging from 2°C to 42°C; analysis of ID spectra taken at different temperatures enabled assignment of several resonances of otherwise ambiguous identity.
NOESY
'H-'H distances in all four carbohydrates were measured at 37°C using 2D NOESY (Cavanagh et aL, 1996; Jeener et aL, 1979 , Macura, 1980 Neuhaus and Williamson, 1989) . Spectra were acquired at various mixing times, ranging from 50 to 300 ms. Mixing times for the 6'-sulfo Le* derivative were randomized by 5% to reduce the magnitudes of the zero quantum coherence artifacts (Jeener et aL, 1979; Macura, 1981; Neuhaus and Williamson, 1989) . A total of 2048 (2 and 256 tl complex points were acquired for each spectrum; each // increment was a composition of eight transients. Free induction decays were zero-filled to yield 2048 x 2048 point spectra.
J C H measurement
Interglycosidic diree-bond CH coupling constants were measured using ID and 2D LRJ experiments.
13 C pulse widths were calibrated by using a 90°('H) -tau(l/4 • 'JCH) -90°( 13 C) -acq('H) sequence with an aqueous 2-13 CNaOAc sample. When performing ID LRJ experiments, short (<100 tl increments) HMQC experiments were performed to determine frequencies of carbon resonances needed for selective irradiation. The refocusing delays in the ID experiments were set assuming 16 Hz or 8 Hz coupling constants to minimize relaxation effects while still achieving adequate refocusing. ID experiments used between 2048 and 8192 transients. 2D experiments employed 2048 t2 points and 256 tl points, and typically used 32-128 transients per tl increment.
Analysis
Spectra used for assignment and 3 JCH measurement were processed using VNMR software by Varian. NOESY spectra were processed and crosspeaks integrated using Felix 3.2 (Biosym). Normalized crosspeak volumes were plotted against mixing time and fit to the equation y = mx. The resulting slopes, m, were treated as the NOE buildup rates and used to calculate average interproton distances.
Modeling
Molecular modeling was performed using MacroModel 5.0 on a Silicon Graphics Indy2 workstation. All procedures employed the GB/SA continuous dielectric aqueous solvation model (Still et aL, 1990) and the AMBER* force field equipped with carbohydrate-specific parameters (Homans, 1990; Senderowitz et aL, 1996) .
Geometries of input structures were optimized using a steepest-descent algorithm, followed by a round of PRCG energy minimization (Polak and Ribiere, 1969) . Unrestrained simulated annealing was performed by placing these structures in a 37°C dynamics bath for 150 ps, cooling them in 1.0 fs timesteps to -118°C over 150 ps, allowing them to explore conformations at -273°C for 10 ps, and then optimizing their geometries using PRCG energy minimization. These minimized structures are the sources of the depictions used in this report ( Figure 5 ).
Molecular dynamics at 37°C were performed for a theoretical prediction of the full range of conformers accessible to the compounds of interest. Compounds in their annealed conformations were placed in a 37°C bath for 2000 ps, with a temperature bath update period of 0.2 ps; the timestep increment along the trajectory was 1.0 fs, and structures were sampled once every picosecond, resulting in 2000 structures per compound per trajectory.
